We investigate the behaviour of the magnetic field inside the superconducting quark matter core of a neutron star in the framework of Ginzburg-Landau theory. We take into account the simultaneous coupling of the quark fields to gluonic and electromagnetic gauge fields which leads to rotated electromagnetism. We solve the problem for three different cases: a semiinfinite region with planar boundary, a cylidrical region and a spherical region. We show that Meissner currents in color superconducting quark matter regions screen the external homogeneous magnetic field almost completely.
Introduction
Recently, the possible formation of diquark condensates in QCD at finite density has been reinvestigated in a series of papers following Refs. [1] , [2] . It has been shown that in chiral quark models with nonperturbative 4-point interaction motivated from instantons [3] or nonperturbative gluon propagators [4, 5] the anomalous quark pair amplitudes in the color antitriplet channel can be very large: of the order of 100 MeV. Therefore, in two-flavor QCD, one expects this diquark condensate to dominate the physics at densities beyond deconfinement/chiral restoration transition and below critical temperature (50 MeV) for the occurence of this "color supercondictivity" (2SC) phase. In a three-flavor theory it has been found [6, 7] that there can exist a colorflavor locked (CFL) phase for not too large quark masses [8] , where color superconductivity is complete in the sence that diquark condensation produces gap for quarks of all three flavors and colors.
The high-density phases of QCD at low temperatures are most relevant for explanation of phenomena in rotating compact stars -pulsars. Conversely, the physical properties of these objects (as far as they are measured) could constrain our hypothesis about the state of matter at the extremes of densities. In contrast to the situation for the cooling behaviour of compact stars [9] where the CFL phase is dramatically different from the 2SC phase, we don't expect qualitive changes of the magnetic field structure between these two phases. Consequently, we shall restrict ourselves here to the discussion of the simpler two-flavor theory first. Bailin and Love [10] used a perturbative gluon propagator which yielded a very small pairing gap and they concluded that quark matter was type I superconductor, which expells the magnetic field of a neutron star within timescales of 10 4 years. If their arguments would hold in general, the observation of lifetimes for magnetic fields as large as 10 7 years [11, 12] would exclude the occurence of an extended superconducting quark matter core in pulsars. In Ref. [13] the authors find that within recent nonperturbative approaches for the effective quark interaction the quark condensate forms a type II superconductor. Consequently in the framework of Ginzburg-Landau theory they concluded that the magnetic field can penetrate into the quark core in quantized flux tubes. This result is a consequence of existence of Meissner currents in superconducting quark matter. They have not considered in that paper the simultaneous coupling of the quark fields to gluonic and electromagnetic gauge fields which leads to "rotated electromagnetism".
The authors of Ref. [14] have considered the problem of the presence of magnetic fields inside color superconducting quark matter taking into account the rotated electromagnetism. They came to the conclusion that magnetic fields in any case can exist in superconducting quark matter although it does not form the structure of quantum vortices, because in their case it obeys the sourceless Maxwell equations and they conclude that there is no Meissner effect. In our opinion they have got this incorrect result since they have derived the equations for electromagnetic and gluomagnetic fields instead of those for the gauge fields themselves and have not posed correct boundary conditions.
In the Ref. [15] two of us have derived the Ginzburg-Landau equations of motion for the diquark condensate d p
where
2 and t = (T − T c )/T c with T c being the critical temperature, p F -the quark Fermi momentum, and for gauge fields
where the penetration depth λ q and mixing angle α are given by
At neutron star densities the gluons are strongly coupled (g 2 /4π = 1) and photons are of course weakly coupled (e 2 /4π = 1/137),so that α ∼ ηe/g is small. For the diquark condensate, where blue-green and green-blue ud quarks are paired, η = 1/3 and therefore α = 1/20. These equations introduce a "new" charge of the diquark pair q = √ η 2 e 2 + g 2 P 8 , where P 8 = 1/ √ 3. This new charge is much larger than e/3 (about 20 times).
The main purpose of this paper is to show that the Meissner effect always exists inside a color superconductor. We shall solve the Ginzburg-Landau equations (1), (2), (3) for the case of a homogeneous external magnetic field for three types of superconducting regions: a) a semiinfinite region with planar boundary, b) a cylindrical region and c) a spherical region. The last case can be interpreted as a quark core inside the neutron star. We shall consider the case of a sharp boundary between the quark matter and hadronic phases. This situation is expected to occur when the thickness of the phase boundary between quark matter and hadronic matter is smaller than penetration depth λ q . Furthermore, this situation occurs in the mixed phase since it is energetically favored that structures appear in the form of drops, rods and slabs with sharp quark-hadron boundaries and varying sizes [16, 17] . Consequently, it is important to consider the behaviour of the magnetic field inside superconducting quark matter regions of the above forms with arbitrary sizes.
Solution of Ginzburg-Landau equations
Let us rewrite the equations (2) and (3) for a homogeneous superconducting state (being either a type I superconductor or a type II superconductor for H < H c1 ) in the following form
We can define → G8 from (5) as follows
We derive from equations (5) and (6) the following relation rot rot
We can consider instead of the system of coupled equations (5) and (6) the equivalent system (7) and (8). We substitute → G8 from (7) into (8) and derive the following equation
We introduce the function
Then we can see that → M obeys the London equation
So we can determine the vector potential → A by simultaneous solution of the equations (10) and (11). Then we can find the gluonic potential → G8 from equation (7) . We also have to define the boundary conditions for the solution of equations (7), (10) and (11) . In order to determine the distribution of electromagnetic and gluonic potentials inside superconducting quark matter in response to an external magnetic field we shall require on the quark/ hadronic matter boundary both the continuity of the magnetic field and the vanishing of the gluon potential ( → G8 = 0) due to gluon confinement. As we shall see below these conditions are sufficient for a unique determination of the magnetic and gluonic fields inside quark matter. Before we begin to solve the problem, we shall note that equations (1), (2) and (3) have an obvious solution for a homogeneous (∇d p = 0) and infinite superconductor
This solution corresponds to the complete Meissner effect for both fields inside the quark superconductor. It corresponds to the absolute minimum value of the free energy f = f n − a 2 /2β , where f n is the free energy of normal quark matter [10, 13] .
Solutions for planar and cylindrical boundaries
We (10) and (11) determines the electromagnetic vector potential A y as follows
We have to put c 2 = 0 because otherwise A y → ∞ for x → ∞. So the solution (13) can be written in the following form
We substitute then the solution (14) into equation (7) and determine the gluonic potential G 8y as
The boundary condition G 8y (x = 0) = 0 determines c 3 = c 1 cot 2 α . Therefore we obtain for the vector potential
We can determine c 1 from the boundary condition dA y (x = 0)/dx = 0 which gives c 1 = Hλ q . So the final results for potentials are
Then we have for magnetic induction B z = dA y /dx and for the gluonic field K z = dG 8y /dx inside the quark superconductor the following expressions:
The "rotated" fields → B x and → B y were introduced in the following way [14] →
It is easy to see that for the solutions (19) and (20) y field inside the superconducting quark matter. Consequently there is a Meissner effect in the quark superconductor in contradiction with the statement of Ref. [14] .
We shall consider now a cylindrical region of superconducting quark matter of radius a , whose axis coincides with z-axis of cylindrical coordinates. The external homogeneous magnetic field H is directed along the z-axis, the external vector potential A is in the ϕ -direction A ϕ = Hr/2 . The internal vector potentials → A and → G8 have only ϕ -components A ϕ (r) and G 8ϕ (r) . So the equation (11) will take the form
The solution of this equation is M ϕ = −c 1 I 1 (r/λ q ), where I 1 (r/λ q ) is one of the modified Bessel functions. Consequently equation (10) can be written in the following form
So we obtain for the vector potential A ϕ the following general solution
Then we find for the potential G 8ϕ from (7) the following expression
The magnetic induction B z inside the superconductor is
We determine c 2 from the boundary condition G 8ϕ (a) = 0 and c 1 from B z (a) = H . Consequently the final expression for potentials are
and accordingly for fields are:
where P (a/λ q , α) is given by
We obtain the following final expressions for the rotated fields
We notice that the field → B y is homogeneous inside quark matter. For the application to neutron stars the situation of a superconducting quark matter cylinder (rod) in a magnetic field can be found in the mixed phase [16] , [17] .
Solution for the spherical case
We shall assume that the neutron star possess a spherical core of radius a consisting of color superconducting quark matter. The applied homogeneous magnetic field H is directed along the z axis. The functions r, ϑ) and G 8ϕ (r, ϑ) . For the solution of the equation (11) we make the Ansatz M ϕ (r, ϑ) = f (r) sin ϑ. Then the equation (11) can be written in spherical coordinates as
The solution of equation (35) which tends to zero at the centre of core is
For the solution of equation (10) we make the Ansatz A ϕ (r, ϑ) = g(r) sin ϑ. Then equation (10 ) takes the form:
The general solution of equation (10) in spherical coordinates is
We can find the expression for the general solution of the gluonic potential from (7) as
The constant c 1 = Dλ 2 q cot 2 αJ(a/λ q )/a 3 is determined from the boundary condition G 8ϕ (a, ϑ) = 0. Then the expressions for the vector potential A ϕ and the gluonic potential G 8ϕ can be written as
Therefore the expressions for the radial component B ir and the tangential component B iϑ of internal magnetic field are:
Accordingly the expressions for the radial component K ir and the tangential component K iϑ of the internal gluomagnetic field are
The solutions of the Maxwell equations outside the sphere are:
We can find D and m from the following boundary conditions B ir (a, ϑ) = B er (a, ϑ), B iϑ (a, ϑ) = B eϑ (a, ϑ). We obtain accordingly
where N is given by
We obtain the final expressions for the internal magnetic fields in the form
The corresponding internal components of the gluomagnetic field are given by
We obtain therefore the following internal components of the rotated sourceless field
We notice that the components of the rotated field → B y depend only on the polar coordinate ϑ. We obtain the following internal components of the rotated massive field
In a neutron star the radius of the superconducting quark core a is much larger than the penetration depth λ q . In this limit the unbroken rotated field components are:
We obtain in the same limit for the components of the rotated massive field → B x on the surface of the quark core the following expressions
Therefore the rotated massive field component on the surface of the quark core B . Therefore the applied magnetic field is almost completely screened and we can insist in very good approximation that there is a Meissner effect in the superconducting quark core of neutron star.
Conclusion
We have investigated the behaviour of color superconducting quark matter in an external homogeneous magnetic field and could show that color and electric Meissner currents exist. For this purpose we have solved the Ginzburg-Landau equations for three types of superconducting regions: a) a semiinfinite region with planar boundary, b) a cylindrical region and c) a spherical region. We obtain analytic expressions for magnetic and gluonic fields inside quark matter for all three cases. We apply the obtained solutions to the neutron star and show that we can neglect the rotated field → B y inside the superconducting quark core since the Meissner currents screen very effectively the applied external magnetic field. This result confirms the physical situation considered in Ref. [15] .
